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Abstract 
BaO–MgO–SiO2 based glass-ceramics was used as bond coat between 8 wt. % yttria stabilized zirconia (8YSZ) top coat and 
nickel based superalloy substrate of a thermal barrier coating (TBC) system. The glass-ceramic bonded TBC system was 
characterized in terms of microstructure and mechanical properties (e.g. nanohardness, Young’s modulus). The nanohardness and 
Young’s modulus values of 8YSZ top coat, glass-ceramic bond coat and substrate of the TBC system were lower on the cross-
section than those obtained on its plan-section. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Thermal barrier coatings (TBCs) are vital for the surface protection of the substrate materials from high 
temperature oxidation and hot corrosion (Gurrappa (1998), Nicholls (2000)). TBC is a three layered composite 
system consisting of a ceramic (e.g. yttria partially stabilized zirconia) top coat, a metallic bond coat (e.g. 
NiCoCrAlY or platinum aluminide coating) and a metallic substrate. The bond coat protects the substrate from 
oxidation and corrosion as well as helps the bonding between the top coat and the substrate while the top coat acts as 
a thermal insulator (Martena et al. (2006)). During service operations at high temperatures, the bond coat is oxidized 
and formed a thermally grown oxide (TGO) layer mainly consisting of Al2O3, which is the most significant factor in 
determining the lifetime of the TBC system. 
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The thickness of this TGO layer increases with increasing operation time generating high stresses at the interface 
due to growth of the oxide layer, thermal expansion misfit and applied load. Thus, crack initiates and propagates 
through the TGO layer leading to spallation of the ceramic layer and ultimately degradation of the TBC system 
(Martena et al. (2006), Chen et al. (2005), Spitsberg et al. (2005)). Oxidation resistant bond coat can increase the 
lifetime of the TBCs (Pint et al. (1998)). 
There is a great possibility to use glass-ceramics as bond coat in the conventional TBC system. Since the glass-
ceramic material is oxide based, TGO layer formation associated with large residual stress generation can be 
avoided. Our earlier studies (Das et al. (2009), Das et al. (2009)) showed that glass-ceramics can be used as good 
oxidation and thermal shock resistant bond coat in a TBC system. The present study was concerned with the 
investigation of the mechanical properties of a glass-ceramic bonded TBC system. 
1. Experimental method 
The TBC composed of BaO–MgO–SiO2 based glass-ceramic bond coat and 8 wt. % yttria stabilized zirconia 
(8YSZ) top coat was applied on a nimonic alloy (AE 435) substrate. The bond coat and substrate compositions have 
been reported elsewhere (Das et al. (2009)). Glass-ceramic bond coat was applied on the cleaned substrate by 
conventional enameling technique (Das et al. (2009)). The thickness of the glass-ceramic bond coat was ~100±10 
μm. The 8YSZ powder was air plasma sprayed on the glass-ceramic coated substrate using a METCO-F4 plasma 
gun. The top coat thickness was ~400±20 μm. Scanning electron microscope (SEM, LEO S430i, LEO, UK) was 
utilized to observe the morphology of the bond coat and top coat surfaces as well as cross-sectional image of the 
TBC system.  The nanohardness and Young’s modulus of the YSZ top coat (attached with bond coat and substrate), 
glass-ceramic bond coat (attached with substrate) and bare substrate were measured by Depth Sensitive Indentation 
(DSI) technique at their respective surfaces using a depth sensitive indentation instrument (Fischerscope H100C 
XYp, Fischer, Switzerland). This technique was also used for the measurements of nanohardness and Young’s 
modulus along the cross-section of the TBC system.  
2. Results and discussion 
Fig. 1a–c illustrates the typical surface microstructures of the glass-ceramic bond coat and 8YSZ top coat and 
cross-sectional microstructure of the glass-ceramic bonded TBC system. Fig. 2a and b shows the nanohardness and 
Young’s modulus values of the attached top coat of the TBC system at the surface as a function of applied load. It 
can be noted that the nanohardness of the top coat decreased with increasing the applied load (Fig. 2a). The 
nanohardness of the top coat was 6.99 GPa at the load of 100 mN while it was 4.92 GPa at 1000 mN applied load. 
The decrease in the nanohardness value of the top coat was occurred with increasing the load due to the Indentation 
Size Effect (ISE). Here, this effect was observed because of the crack formation in the top coat during unloading, 
which restricted the extent of elastic recovery in the form of shrinkage of the indentation cavity leading to increase in 
the indentation size (Prescott et al. (1992), Chen et al. (2006), Singheiser et al. (2001)). As a consequence, the 
nanohardness values of the top coat decreased with the increase in the applied load. The Young’s modulus value of 
the 8YSZ top coat also decreased with the increase in the applied load (Fig. 2b). The Young’s modulus values of the 
top coat were 121.63 GPa and 91.23 GPa at the loads of 100 mN and 1000 mN, respectively. It is well-known that 
the elastic modulus of a material decreases with increasing porosity (Pint et al. (1998), Lih et al. (1991), Sun et al. 
(1993)). The plasma sprayed 8YSZ top coat had pores and micro-cracks on the surface as well as on the cross-
section. There was an inverse gradual decrease of fine pores and micro-cracks from the depth to the surface. Thus, 
the Young’s modulus value of the top coat was reduced with increasing the load or penetration depth due to larger 
deformation volume, which included larger subsurface pores. Hence, larger subsurface pores were responsible for 
the reduction of the Young’s modulus value of the top coat with increasing the applied load (Sun et al. (1993)). Fig. 
2c displays the typical indent in the neighborhood of ‘X’ marked region on the top coat microstructure at 1000 mN 
applied load. Chipping of the top coat observed at the indentation corner confirmed the occurrence of the ISE 
phenomenon. The nanohardness values of the attached glass-ceramic bond coat surface were 4.88 GPa and 5.55 GPa 
at the loads of 1 mN and 100 mN, respectively. The Young’s modulus values of the attached bond coat surface were 
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64.97 GPa and 81.38 GPa at the loads of 1 mN and 100 mN, respectively. The nanohardness and Young’s modulus 
values of the bare substrate surface were 7.95 GPa and 219.88 GPa, respectively at 100 mN applied load. 
 
 
Fig.1. Surface microstructures of (a) glass-ceramic bond coat and (b) YSZ top coat; (c) cross-sectional microstructure of glass-ceramic bond 
coated TBC system. 
 
Fig. 2.(a) Nanohardness and (b) Young’s modulus values of attached YSZ top coat as a function of load; (c) typical indent on attached YSZ top 
coat around ‘X’ marked area at 1000 mN applied load. 
 
The DSI technique was also utilized for the measurements of nanohardness and Young’s modulus of the TBC 
system along the cross-section. Fig. 3a and b shows the nanohardness and Young’s modulus values of the substrate, 
glass-ceramic bond coat and 8YSZ top coat across the TBC system. It was observed that the nanohardness values of 
substrate, bond coat and top coat decreased with the increase in the applied load (Fig. 3a). At 100 mN applied load 
the nanohardness values of substrate, bond coat and top coat were 4.261 GPa, 4.014 GPa and 5.218 GPa, 
respectively whereas the nanohardness values were 2.517 GPa, 2.698 GPa and 2.855 GPa, respectively at the load of 
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1000 mN. Here also, reduction of the nanohardness values of the substrate, bond coat and top coat occurred with 
increasing the load because of the Indentation Size Effect (ISE).  
The Young’s modulus of the substrate, bond coat and top coat also decreased with the increase in the applied load 
(Fig. 3b) owing to the larger deformation volume that included larger defects (Pint et al. (1998), Lih et al. (1991), 
Sun et al. (1993), Sun et al. (1993)). The Young’s modulus values of the substrate, bond coat and top coat were 
188.35 GPa, 62.55 GPa and 95.98 GPa, respectively at the load of 100 mN while the Young’s modulus values were 
173.44 GPa, 45.75 GPa and 38.43 GPa, respectively at 1000 mN applied load. It can be noted that the nanohardness 
and Young’s modulus of the substrate, bond coat and top coat measured on the plan-section of the TBC system were 
always higher than those measured on its cross-section at 100 mN applied load and thereby, indicating that 
anisotropy was present in the nanohardness and Young’s modulus values of the TBC system. This was attributed to 
the high density of planar defects that were nearly parallel to the substrate (Schmitt-Thomas and Dietl (1994), 






Fig. 3. Cross sectional (a) nanohardness and (b) Young’s modulus values for the substrate, bond coat and top coat of the glass-ceramic bond 
coated TBC system. 
Fig. 4a−c demonstrates the typical indents in the neighborhood of A, B and C marked regions on top coat, bond 
coat and substrate microstructures, respectively at 1000 mN applied load. In case of the top coat and bond coat, 
chipping and cracking were responsible for the ISE (Prescott et al. (1992)), as can be seen from Fig. 4a and b. On the 
contrary, work hardening from polishing might be the probable reason for the ISE (Prescott et al. (1992)) observed in 
the substrate (Fig. 4c). Chipping, cracking and work hardening reduced the extent of elastic recovery in the form of 
shrinkage of the indentation cavity leading to an increase in the indentation size and consequently, the nanohardness 
values of the top coat, bond coat and substrate decreased with increasing the load (Prescott et al. (1992), Chen et al. 
















Fig. 4. Typical indents on (a) YSZ top coat; (b) glass-ceramic bond coat and (c) nimonic alloy substrate around A, B and C marked areas, 
respectively, at 1000 mN applied load. 
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3. Conclusions 
In summary, the present study showed that the nanohardness and Young’s modulus values of the attached 8YSZ 
top coat surface decreased with the increase in the applied load. The decrease in the nanohardness value of the top 
coat occurred with increasing the load due to the Indentation Size Effect (ISE). Larger subsurface pores were liable 
for the reduction of the Young’s modulus value of the 8YSZ top coat with increasing the applied load. The 
nanohardness and Young’s modulus values of 8YSZ top coat, glass-ceramic bond coat and nimonic alloy substrate 
of the present TBC system were higher on the plan-section than those measured on the cross-section at 100 mN 
applied load. The high density of planar defects remaining nearly parallel to the substrate was accountable for the 
anisotropy observed in the nanohardness and Young’s modulus values of the present TBC system. 
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